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This project quantified the energetic costs of pyrene detoxification by 
measuring oxygen consumption rates in fish exposed for either 3 or 15 days in 
a flow-through respirometer. Biliary 1-OH pyrene was analyzed at the end of 
the short-term experiment in an attempt to correlate biotransformation with 
oxygen consumption. No concentration-response relationship was detected in 
resting routine metabolic rate (RRMR), routine metabolic rate (RMR), or 
activity-dependent metabolic rate (ADMR) in the short-term experiment. Biliary 
1 -OH pyrene concentrations were significantly different ( ~ ~ 0 . 0 5 )  between the 0 
mglL, 0.01 mglL, and 0.05 mglL treatment groups. No significant difference 
was detected between 0.05 mg/L and 0.10 mg/L treatment groups. In the long- 
term experiment, the control and 0.1 mglL treatment groups did not differ in 
RMR and ADMR. A small but significant increase ( ~ ~ 0 . 0 5 )  was detected in 
RRMR with pyrene exposure, suggesting that the energetic costs of pyrene 
detoxification in juvenile trout may be relatively low. 
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Bioenergetics and Detoxification 
All organisms need energy for their survival. Energy assimilation, 
transformation, loss and use in animals are the main focuses of bioenergetics. 
The basic tenet of bioenergetics is a balanced energy budget with respect to 
energy assimilated, energy lost and energy used for biological processes. This 
balance can be represented by a general bioenergetic equation for animals: 
R = E + P + M  (1) 
where R is ingested energy, E is lost energy in excretion, P is energy used for 
production, and M is the energy used for metabolism (Jobling, 1993). The 
energy used for production can be further subdivided into reproduction and 
growth (Adams and Breck, 1990). Every component of the bioenergetic equation 
is the sum of energy used for the various biochemical and physiological 
processes of each component. 
Generally, animals have relatively fixed energy budgets (Maryanski et a/, 
2002). All animals have limits on the amount of energy they can assimilate, and 
if two processes compete directly for this limited amount of energy, an increase 
in energy allocation to one process will result in a decrease to another, according 
to the principle of energy allocation (Kitchell 1983). In order to understand the 
prioritization of various bioenergetic components, energetic costs and tradeoffs 
for various bioenergetic components need to be examined. The degree to which 
organisms allocate their energy depends on the energy available and the energy 
demand for each component (Sandland and Minchella, 2003; Lardner and 
Loman, 2003). Hence, energetic costs of various components and activities 
have been demonstrated in numerous studies associated with swimming, 
reproduction, immune responses, and growth in order to gain a better 
understanding of energy budgets and its allocation. In fish, an extensive 
literature exists on the energetic costs of swimming and reproduction, however, 
little information exists on the costs of defence mechanisms in fish, such as the 
immune system and xenobiotic processing. 
The energetic costs associated with immune responses have been 
examined in several species. For example, Demas et a/. (1997) examined the 
effect of an immune response on energy balance by injecting keyhole limpet 
hemocyanin (KLH) into C57BL16J mice. KLH-injected mice exhibited increased 
immunoglobulin G responses and oxygen consumption compared to saline- 
injected mice. Moreover, they found that older mice were not able to maintain 
sufficient heat production despite comparable oxygen consumption to younger 
mice. A study by Derting and Compton (2003) demonstrated that wild white- 
footed mice (Peromyscus leucopus) injected with sheep redblood cells (SRBC) 
had significantly smaller dry masses of small intestine and testes compared with 
control mice, however, mice whose immune systems were suppressed by 
cyclophosphamide did not show any effect on metabolic rates or organ masses. 
Therefore, it was concluded that the energetic costs of mounting an immune 
response could be met through reductions in energy allocation to growth in other 
physiological systems. Henken and Brandsma (1982) performed a similar 
immune response study on chickens and found that SRBC-injected chickens 
consumed more food but gained less weight than saline-injected control 
chickens. In that study, the increased energetic costs of mounting an immune 
response were supplied by an increase in energy intake. 
Energetic costs associated with xenobiotic exposure have also been 
examined in variety of studies. A study by Maryanski et al. (2002) showed that 
the body caloric value and morphological status of carabid beetles (Poecillus 
cupreus L.) were reduced significantly after feeding cadium or zinc-contaminated 
housefly pupae. Growth rates of fathead minnow (Pimephales promelas) were 
significantly reduced when fed with selenium-spiked diets (Ogle and Knight, 
1989). Weber (1 996) found that lead-exposed juvenile fathead minnows 
increased daily fecal production and showed reduced weight gain compared to 
control fish. The results of these studies suggested that the energetic costs of 
xenobiotic exposure are incurred through the consequences of detoxification, 
excretion, maintenance of homeostasis, and repair of damage due to toxic 
effects of the compounds. 
The primary focus of this research project was to determine the energetic 
costs of xenobiotic detoxification and processing without the complicating factor 
of toxic effects. Limited research on this aspect of xenobiotic exposure exists. 
Most published studies have mainly focused on host plant specialization in 
insects and in vertebrate foraging behaviour. Food preference in herbivorous 
insects is believed to be related to the effects of secondary metabolites in host 
plants. At sub-lethal levels, plant secondary metabolites can demand significant 
nutritional costs to herbivores by affecting nutrient utilization (Lindroth and Batzli, 
1983; Robbin et a/, 1987; Robbins et a/., 1991), or by increasing the energetic 
cost of detoxification post absorption (Dash, 1988). Efforts to quantify the direct 
costs of plant allelochemical detoxification have for the most part proven 
equivocal since the measurements of metabolic costs are confounded with 
toxicological impacts. The xenobiotics may inhibit feeding and reduce the 
digestive efficiency of food, hence, the effects detected may be due to reduced 
total energy assimilation. Similar difficulties also exist in fish studies to date. 
Xenobiotic exposure can also impact the growth and reproduction of fish (Helder, 
1981; Krisfalusi et at., 1998; Mondon, 2001; Vetemaa, 1997). However, it is 
often difficult to determine whether reductions in reproduction or growth are the 
result of energy allocation from growth or if growth reduction was caused by 
toxicological impacts (for example, physiological stress, repair of damaged 
systems, reduced assimilation efficiency, suppressed appetite) or a combination 
of both (Beyers, 1999a, 1999b). 
The questions of whether the energetic costs of xenobiotic detoxification 
are substantial, detectable, and quantifiable are now beginning to be answered. 
A study done by Cresswell et at. (1992) was the first to demonstrate that 
detoxification imposed a significant metabolic load in the southern armyworm, 
Spodoptera eridania after exposeure to sub-lethal levels of nicotine (0.5 % in the 
diet). Sub-lethal dietary nicotine exposure resulted in an increase in the 
allocation of assimilated food to energy metabolism and reduced net growth 
efficiency. This effect was not related to any decrease in the amount of food 
digested. In another study, the energetic costs used in maintaining high and 
inducible levels of cytochrome P450-mediated xanthotoxin metabolism resulted 
in reduced growth in the parsnip webworm, Depressaria pasfinacella 
(Berenbaum and Zangerl, 1994). Many recent studies have directly measured 
metabolite excretion and the associated energy losses in birds (Guglilmo ef a/., 
1 996), mammals (Lindroth and Batzli, 1 984), and marsupials, (Dash 1988; Foley, 
1992). For example, the detoxification of coniferyl benzoate assimilated from the 
diet resulted in an estimated energetic cost of 10 to 14% of metabolizable energy 
intake in ruffed grouse (Bonasa urnbellus) (Guglielmo and Karasov, 1996). 
The costs of xenobiotic detoxification may be related to increases in 
energy used in enzymatic reactions, maintenance of acid-base balance modified 
by the production of the acidic metabolites and nutrient drains from conjugation 
reactions with endogenous substrates (Foley, 1992). It has been suggested that 
the biosynthetic energetic costs of producing and maintaining a high level of 
detoxification enzymes might also constitute a significant component of the 
energy budget of an organism smaller than a rodent (Brattsen, 1979; Brattsen, 
1988). 
Respirometry 
Two basic methods for measuring metabolic rate are direct and indirect 
calorimetry. Direct calorimetry measures the heat production or energy content. 
For example, direct calorimetry can be used to measure the calorific content of 
samples of food, solid faeces, flesh, and gametes by burning dried material in an 
oxygen atmosphere in a bomb calorimeter (Wootton, 1990). However, metabolic 
heat generated by fish is seldom measured by direct calorimetry because of low 
heat production rates in fish and the high heat capacity of water. Indirect 
calorimetry measures either carbon dioxide production or oxygen consumption. 
Carbon dioxide production is more difficult to measure than oxygen consumption 
in aquatic systems because the high solubility of carbon dioxide makes it difficult 
to measure the partial pressure of carbon dioxide accurately with an electrode 
(Cech, 1990). Moreover, carbon dioxide can be transformed to carbonates and 
bicarbonates in hard water (Burggren, 1979). Therefore, oxygen consumption 
rate has become the conventional method for metabolic rate measurement 
because oxygen concentration can be measured more easily and accurately 
(Cech, 1990; Wootton, 1990). Respirometry is one method to quantitatively 
measure energy consumption rates (Cech, 1990). 
Oxygen consumption rates as an indirect measurement of metabolism are 
only accurate when anaerobic contributions are insignificant. When oxygen 
consumption in fish does not meet metabolic requirements during conditions 
such as high speed swimming and/or exposure to extreme hypoxia, substantial 
anaerobic respiration is induced to supply energy. Anaerobic respiration allows 
energy production in the absence of oxygen, hence, the oxygen consumption 
rate is not indicative of the energy produced through total respiration. In the 
present study, the contribution of anaerobic metabolism to energy use was 
considered to be negligible because no extreme activity or hypoxic conditions 
were part of the experimental design. 
Aerobic metabolism in fish can be categorized as standard, resting 
routine, routine, activity dependent, and active. Fry (1 957) introduced 
standardized terminology for describing metabolic rates in fish. Standard 
metabolic rate (SMR) is the minimum rate of energy usage necessary to keep a 
fasting organism alive when completely free of any movement. Since locomotor 
activity cannot be totally eliminated in fish, SMR is difficult to measure. Resting 
routine metabolic rate (RRMR) is a more useful term that describes the metabolic 
rate for quiescent fish (Cech, 1990). Routine metabolic rate (RMR) refers to the 
mean rate of energy used during routine activity, with precautions taken against 
any influences from external stimuli. RMR reflects the normal level of 
spontaneous movement. Occasionally, fish will swim at higher speeds than 
found in normal activity; therefore, the activity-dependent metabolic rate (ADMR) 
is a better descriptor for energetic costs under these circumstances than RMR 
(Rice et a/., 1983). Active metabolic rate (AMR) is the maximum metabolic rate 
when an animal sustains a very high level of activity. It can also be considered 
as the maximum aerobic rate needed for sustainable maximum swimming 
velocity. The above classification of metabolic rate is modified from the 
categorization and definitions used by Cech (1 990). 
Studies which express the oxygen consumption rate as RMR typically 
place fish in closed free-swimming chambers and measure the rate of oxygen 
depletion in the chamber over a period of time. Since SMR is the minimum rate 
required to sustain life, it should be measured when fish are absolutely quiescent 
without energy spent on activity, food digestion, reproductive development, 
growth or stress responses (Cech, 1990). Hence, innate restlessness of pelagic 
fish makes the determination of SMR difficult in free-swimming chambers. 
Studies expressing oxygen consumption rates as SMR generally use demersal 
or sedentary fish in free-swimming respirometers and active fish in a swim 
tunnel. In order to determine SMR using a swim tunnel, a relationship between 
swimming speed and metabolic rate of fish is first established. The metabolic 
rate is then extrapolated to the zero swimming velocity, thus estimating SMR 
(Jobling, 1993). This method is useful for examining the minimal metabolism of 
active species which rarely remain quiescent. Since rainbow trout used in this 
experiment are pelagic fish with moderate activity, the overall metabolic rates 
determined from oxygen consumption were considered as RMR. The overall 
metabolic rates measured in this study were further differentiated into RRMR and 
ADMR depending on the pattern and level of oxygen consumption. 
The focus of respirometry applications in the aquatic environment have 
evolved ever since the publication of Winkler's method for the determination of 
dissolved oxygen in water (Winkler cited in Beamish, 1964). The earliest 
respirometry studies date before the 1960s and were used to examine the 
relationship between oxygen consumption and fish activity (Beamish and 
Mookherjii, 1964a; Beamish and Mookherjii, 1964b). In the 1960s and 1970s, 
respirometry studies focused on the effects of attributes such as fish weight, and 
environmental factors such as temperature on metabolic rates (Beamish, 1964; 
Beamish and Mookherjii, 1964a; Bearnish and Mookherjii, l964b; Caulton, 7978). 
Several recent studies have begun to examine the effect of xenobiotic exposure 
on metabolic rates in fish (Johansen and Geen, 1990; Mackinnon and Farrell, 
1993; Yang and Randall, 1997; Beyer, 1999b; Jayaweera, 2002; Cheng, 2003). 
However, no studies have been performed to assess the costs of xenobiotic 
exposure through this technique. 
Polycyclic Aromatic Hydrocarbons (PAHs) and Pyrene 
Polycyclic aromatic hydrocarbons are a class of xenobiotic chemicals 
consisting of two or more fused benzene rings in various arrangements. 
Hundreds of PAHs have been identified by the number of fused rings and the 
number and placement of substitutions on the aromatic rings. PAH molecular 
weights range form 128.6 for napthalene to 300.36 for coronene (Kennedy, 
1990). 
PAHS are common pollutants present in surface water, soil, air and 
sediment (NRCC, 1983). Most PAHs are released into the environment as a 
result of the incomplete combustion of organic matter and from petrochemical 
pollution (Hase and Hites, 1978). Human activities are the primary cause of 
PAHs entering the aquatic environment, for example, through petroleum spillage, 
domestic or industrial wastes discharges, and surface runoff (Arfsten et a/, 1996; 
Law et a/., 1994). PAHs tend to accumulate in sediments in high concentrations 
because of their lipophilic and hydrophobic nature (NRCC, 1983). Surface 
waters may contain traces of measurable concentrations of PAH, and the 
majority of PAHs in the water column are adsorbed to suspended organic 
particulates. Typical PAH concentrations in sediment are approximately 1000 X 
higher than in overlying water (Lin et a/., 1994). Although most PAHs degrade 
rapidly under aerobic conditions, PAHs may persist for long periods in oxygen- 
poor environments (Arfsten, 1996). Photolysis is a major degradation pathway 
for PAHs in the environment because PAHs are particularly sensitive to UV 
radiation. 
Pyrene (Figure 1) was selected as a model xenobiotic because of its 
extensive and rapid of metabolism in fish via phase I and II reactions, and 
because no measurable toxic effects at relative high concentrations have been 
shown (Kennedy, 1990). Law and Kennedy (1991) determined that pyrene was 
metabolized rapidly following an intraarterial administration. The low toxicity of 
pyrene (Nisbet and LaGoy, 1992) in fish is necessary to avoid the confounding 
effects on metabolic rate measurements. 
l-hydroxypryene (1-OH pyrene) and its conjugates are the major 
metabolites of various PAHs and is the primary metabolite of pyrene (Ariese et 
a/., 1993; Law et a/., 1994; Stroomberg, et a/., 1999; Ruddock et a/., 2002). 
Various studies examining PAH exposure have reported 1-OH pyrene to be a 
useful biomarker of PAH exposure (Levin, 1995; Lee et a/., 1999). Moreover, 
biliary 1-OH pyrene concentrations are correlated with the degree of PAH 
pollution in the environment (Krahn et a/, 1987; Ariese, et a/., 1993). Biliary I -OH 
pyrene usually exists as a glucuronide conjugate and is seldom detected in the 
non-conjugated form (Law et a/, 1994; Namdari, 1998). When bile is analyzed 
using high performance liquid chromatography (HPLC), the conjugates are 
hydrolysed by addition of enzymes such as P-glucuronidase and arylsulfatase 
(Ariese et a/., 1993; Namdari, 1998). Synchronous fluorescence spectrometry 
(SFS) is a highly sensitive, rapid and cost efficient method in detecting 1-OH 
pyrene (Ariese, et a/., 1993; Lin et a/., 1994; Stroomberg et a/., 1996). Ariese et 
a/. (1993) suggested that bile sample could be analyzed without hydrolysis 
because the coupling of glucuronic acid to the phenolic OH-group could be 
regarded as a minor negligible perturbation of the electronic system of the 
chromosphere. 
Objectives of Study 
The significance of the metabolic cost of detoxification in the overall 
energy budgets of fish is largely unknown. The purpose of this project was to 
quantify the energetic costs of pyrene detoxification by measuring oxygen 
consumption rates in fish exposed to the model PAH, pyrene. To accomplish 
this, groups of juvenile rainbow trout were placed in free swimming respirometer 
vessels and exposed to pyrene for 3 or 15 days. Oxygen consumption rate was 
measured through the exposure period and was correlated with measurements 
of pyrene metabolism. 
Figure I. The chemical structure of pyrene. 
MATERIAL AND METHODS 
Experimental animals 
Rain bow trout (Oncorhynchus mykiss) of both sexes, weighing 7.3 +-I .4 g 
were obtained from Sun Valley Trout Farms (Mission, BC). Fish were housed in 
750-L fibreglass holding tanks and acclimated under a 12 h light: 12 h dark 
photoperiod at 10 to 14•‹C in flowing dechlorinated municipal water. Dawn and 
dusk began at 8:00 am and 20:OO pm, respectively. Water hardness was 6.7~0.1 
mg CaC03/L, and pH was 6.720.1. During acclimation, fish were fed with trout 
starter feed (Nutra Plus, Crumb #2). 
Chemicals 
Pyrene and I -hydroxypyrene (1 -OH pyrene) were purchased from Aldrich 
Chemical Co. (Milwaukee, WI). Polyoxyethylene sorbitan monolaurate (Tween 
20) and sodium citrate were purchased from Sigma Chemical Co. (St. Louis, 
MO). Anhydrous ethanol was obtained from Commercial Alcoholics Inc. 
(Brampton, ON). Tricaine methanesulfonate (MS-222) was purchased from 
Argent Chemical Laboaratory (Redmond, WA). 
Respirometer 
The set up of the respirometer for this project was based on the design by 
Duval et a/. (1981). An eight-vessel, computer controlled, intermittent flow 
respirometer was used to expose fish to pyrene and to measure oxygen 
consumption (Figure 2). A central computer control system was used to set the 
purging period, toxin concentration in each vessel, and oxygen concentration 
recording frequency. The volume of the glass respirometer vessels was 9.3 + 
0.2 L. Each set of four respirometer vessels were housed in a Plexi-glass water 
bath. Municipal dechlorinated water was used to fill an overhead reservoir which 
contained aquarium floss for filtration and an overflow drainage tube. This 
reservoir maintained a continuous supply of water to the respirometer system 
and the two water baths which were used to maintain an appropriate and 
consistent water temperature in the respirometer vessels during an experiment. 
Water in the overhead reservoir was sent through a central water 
distribution octopus, where water was diverted among nine computer controlled 
solenoid valves. Eight valves controlled the water flow to eight individual 
vessels, and one valve controlled water output during vessel by-pass purge time. 
The by-pass purge time was used to eliminate residual toxin in the octopus prior 
to the beginning of purging a new vessel. The purge time of each vessel and the 
height of the overhead reservoir determined the total volume of water purged 
through each vessel during each purge time. The purge rate was 1.65 Llmin and 
purge time was 450 seconds. Therefore, the total volume of water replaced into 
each vessel was 12.4 L every two hours. This ensured that pyrene 
concentrations were maintained at the desired concentration throughout the 
entire experiment. Nalgene tubing with 1.3 cm interior diameter was used for all 
water flow connections. 
A 20 L glass bottle was used to contain the pyrene stock solution. Tween 
20 (O.lmg/L) was used to dissolve pyrene in water because of pyrene's low 
water solubility. The concentration of pyrene in the stock solution was 10 mg1L. 
The pyrene stock solution was replaced every 4 hours. The stock solution was 
stirred with a magnetic stir bar throughout the experiment to ensure a 
homogenous suspension of pyrene. A computer-controlled peristaltic pump was 
used to administer the stock pyrene solution into the octopus. The toxin pump 
rate was set at 20 mllmin. The duration of the pump operation was computer 
controlled to provide the desired volume of stock solution to each vessel during 
purge time. 
Each respirometer vessel contained one Point Four OxyguardB dissolved 
oxygen probe (Point Four Systems, Richmond, B.C.) for measuring oxygen 
concentration. These oxygen probes contained built-in temperature 
compensation. Oxygen probes were calibrated for temperature and atmospheric 
pressure before each experiment trial. Probes were removed from water and 
dried before calibration. The probes were hung in free air and less than 2 cm 
above the surface of the water to ensure close to 100% humidity. The computer 
reads each probe in turn continually until the readings stabilized. At the end of 
probe reading process, the temperature of water was entered into the computer 
program to calculate the conversion factor for the probes for proper calibration. 
A propeller mounted on the lid of each vessel was used to ensure the 
continuous mixing of water around the oxygen probe in order to prevent localized 
oxygen depletion by the oxygen probe. Filter meshes were placed at both ends 
of each vessel to prevent fish escaping from the vessels. 
2 
Inflow HzO 
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Figure 2. A schematic diagram of the intermittent flow through 
respirometer system used to measure routine oxygen consumption. I. 
central reservoir, 2. overflow drainage tube, 3. magnetic stirrer, 4. toxin 
tank, 5. toxin pump, 6. distribution octopus, 7. outflow valve, 8. inflow 
valve, 9. water bath, 10. filter mesh, 11. respirometer vessel. 12. oxygen 
probe, 13. propeller assembly. 
Experimental protocol for respirometry 
All experiments were conducted under a 12 h light: 12 h dark photoperiod 
without dawn and dusk simulation. Fish were not fed for 24 hours before trials to 
ensure that fish were in a post-absorptive state. All experiments started at 12:OO 
pm to minimize effects of diurnal rhythms. Opaque polyethylene curtains skirted 
around water baths to minimize external disturbances. All water bubbles in the 
respirometer vessels were removed before starting each trial. The water bath 
and inflow water temperature was maintained at 13 + 1 "C 
Each cycle was 120 minutes. Water was purged through the by-pass 
valve for 60 seconds to remove residual chemical between vessel purges. Then, 
water was purged though each vessel for 450 seconds which completely 
replaced all the water in a vessel. Oxygen concentrations were measured and 
recorded every three minutes throughout the entire cycle. 
Two experiments were conducted in this project. A short term experiment 
consisted of a 48-h pre-exposure period and a 72-h exposure period. Test 
concentrations of pyrene for the short term experiment were 0, 0.01, 0.05, and 
0.1 mgIL. For each of two trials, two vessels were assigned to each 
concentration. Four fish were randomly placed in each vessel and acclimated to 
the vessels during the pre-exposure period without pyrene. Fish were exposed 
to pyrene for 72 h following the acclimation period. Daily visual observations of 
the respirometer system and fish health were performed during the light period. 
At the end of the experiment, fish were sacrificed by an overdose of 
buffered MS 222 (100mgIL). Fish were blotted dry, weighed and dissected to 
remove the gall bladder. Bile from each fish was removed and stored separately 
in a 1.5 ml microcentrifuge tube containing sodium citrate buffer (0.1 M, pH7.0) 
and stored at -80•‹C. Bile was later analyzed using synchronous fluorescence 
spectrometry (SFS) for the presence of 1-OH pyrene, the major biliary metabolite 
of pyrene in fish (Law et a/., 1994). 
The long-term experiment consisted of a 48-h pre-exposure period and a 
15-d exposure period. Two concentrations of pyrene where used for the long 
term experiment and were 0 and 0.10 mg1L. For each of two trials, three vessels 
were used for the 0 mg1L concentration, and four vessels were used for the 0.10 
mg1L concentrations. Five fish were randomly placed into each respirometer 
vessel. Several preliminary experiments were not successful because fish were 
extremely stressed without feeding for a 17-d trial, and the mortality of control 
fish exceeded 10%. Therefore, in these subsequent experiments, fish were fed 
on the 5th and I I th days of the experimental period. Faeces and uneaten food 
were removed from the vessels on the 6th and 12th days of the experiment to 
prevent bacterial growth and the decomposition of uneaten food and faeces 
which could potentially affect the accuracy of oxygen consumption rate 
measurements. At the end of every trial, fish were sacrificed by an overdose of 
buffered MS222 and then weighed. 
Pyrene metabolite analysis 
Bile samples were thawed in a warm water bath briefly and then vortexed 
before dilution with ethanollwater (5050 vlv). In order to obtain sufficiently 
transparent samples and quantifiable peak intensity, the dilution factors ranged 
from 100 for control and 1 X 1 o4 for the two highest pyrene concentrations. 
Metabolites in bile were measured by SFS according to a procedure modified 
from Ariese et a/. (1993). All spectra were scanned in 1.5 ml quartz cuvettes 
(Fisher Scientific, Pittsburgh, PA) with Perkin-Elmer LS 50 fluorescence 
spectrophotometer (Perkin-Elmer Ltd., Beaconsfield, England). A spectral 
bandwidth of 5 nm was selected for both excitation and emission slits. SFS was 
measured in the range of 300-400 nm wavelengths with a constant wavelength 
difference of 37 nm. The areas underneath the fluorescence intensity traces 
were measured from 335-356 nm in order to quantify the amount of I-OH pyrene 
and its conjugates. Since the peak intensity and the peak area under the curve 
of 1-OH pyrene glucuronide decreased by a factor of 2.2 after hydrolysis, the 
peak area determined in the non-hydrolyzed bile sample should be divided by 
this correction factor before determining free 1 -OH pyrene concentration from the 
standard curve (Ariese et a/., 1993). The standard curve was constructed using 
free 1-OH pyrene solution because no commercial 1-OH glucuronide was 
available to prepare standard solution. Since the use of hydrolysis enzymes in 
the solution would cause considerable light scatter and interfere with the 
measurement, non-hydrolyzed bile sample was analysed. Moreover, only 4 
percent of 1-OH pyrene exists as free 1-OH pyrene while the rest exists as 
conjugated 1-OH pyrene. The biliary 1-OH pyrene concentration will not be 
underestimated by applying the correction factor. 
A standard curve was created using the areas underneath the 
fluorescence intensity traces obtained from a range of free 1 -OH pyrene standard 
concentrations between 0.285 nglml and 5.8 nmlml. A linear relationship 
between the area and 1-OH pyrene concentration was obtained from the 
standard curve using linear regression. The mathematic equation describing this 
linear relationship was then used to determine the actual concentration of 1-OH 
pyrene present in bile. 
Data Analysis 
Each 2-hour cycle consisted of 40 data points for oxygen consumption. 
Three data points were recorded during the purging period and thirty-seven 
points were recorded between purging periods. The oxygen concentration 
decreased gradually between purging periods as fish consumed oxygen. The 
change of oxygen concentration over time (ACo2/At) for each cycle was 
estimated from the slope of the thirty-seven data points using the Microsof?@ 
Excel linear regression analysis tool. Data recorded during the purging period 
were excluded from the linear regression. Oxygen consumption rate (Roc) was 
based on a pooled value for multiple fish within a single respirometer vessel. Roc 
was normalized to total fish mass (mg 0 2 4  kg-' a h-I) using equation 2: 
Roc = ACo2/At * V / M (2) 
where ACo2/nt = the change of oxygen concentration over time (mg 0 2 4  L-I 4 h-I), 
V = volume of respirometer vessel (L), and M = fish mass (kg). 
Rocvalues were separated into three categories of metabolic rate: RRMR, 
ADMR, and RMR depending on the level of fish activity. For the short-term 
experiment, the differences in each category of metabolic rate among all 
experimental groups during both pre-exposure (without pyrene) and exposure 
periods (with pyrene) were compared using two-way analysis of variance 
(ANOVA) with a 95 % significance level in a single-factor randomized design 
(Samuels, 1989). The effect of pre-exposure and exposure period on RRMR and 
ADMR in each treatment group was compared using Student's paired t-test 
(p<0.05). The concentration of biliary 1-OH pyrene in the different treatments 
was compared using ANOVA in a single factor randomized design. For the long- 
term experiment, the differences in each category of metabolic rate between the 
control and the 0.1 mg/L treatment group were compared using Student's t-test. 
All statistical analyses were performed using the JMP" IN 4.0.3 statistical 
analysis program (SAS Institute Inc., Cary, NC). Results were expressed as 
mean f SE. 
RESULTS 
Short-term experiment 
In this experiment, fish were exposed to several concentrations of pyrene 
for 72 hours to determine its effect on whole animal respiration. Figure 3 shows 
a typical oxygen concentration pattern obtained from the oxygen concentration 
data during the first three cycles of the pre-exposure period. Oxygen 
concentrations declined linearly during non-purging periods as fish consumed 
oxygen and increased rapidly during purging periods as new water replenished 
the oxygen concentrations. Therefore, oxygen consumption rates were 
estimated from the data recorded during non-purging periods and excluded the 
data recorded during purging periods. An example of the oxygen consumption 
rate pattern of control juvenile rainbow trout during the short-term experiment is 
presented in Figure 4. Initial oxygen consumption rates were high and declined 
as fish recovered from handling stress and adjusted to the respirometer vessel 
during the first 6 hours of the pre-exposure period. Oxygen consumption rates 
increased when the photoperiod changed from dark phases to light phases and 
exhibited a characteristic circadian rhythm. Rates were generally higher during 
the light phases compared to dark phases, likely due to fish being more active 
during light phases. Calculations of mean of oxygen consumption within a day 
resulted in a large variability for the daily average oxygen consumption rates in 
all treatment groups (Figure 5). The daily average oxygen consumption rates 
were high on day 1 but declined and stabilized after day 2. This observed trend 
was likely due to stress and acclimation to the test apparatus. 
Oxygen consumption rates were subsequently differentiated into RRMR, 
ADMR, and RMR. RRMR was calculated from the means of the lowest oxygen 
consumption rates in the circadian rhythm. ADMR was calculated from the 
highest oxygen consumption rates in the circadian rhythm. RMR was calculated 
from the means of all oxygen consumption rates. Table 1 summarizes the mean 
values of RRMR, ADMR and RMR for all treatment groups during the pre- 
exposure and exposure periods. 95% confidence intervals (C.I.) were calculated 
for each mean metabolic rate using Student's t-test and ANOVA. Metabolic rates 
calculated for the pre-exposure period and the exposure period for each 
treatment group were compared using Student's t-test and were statistically 
different at p < 0.05. Mean metabolic rates decreased by 18.0 to 40.4% from 
pre-exposure to exposure periods (Table 2). The control group had the highest 
percent change in the mean metabolic rates while the 0.1 pyrene-exposed group 
had the lowest percent change in mean metabolic rate. From this result, it is 
speculated that control fish were able to recover from handling stress better than 
pyrene exposed fish. Further investigation is required to confirm this result. 
No observable concentration-response relationship was detected for any 
of the three types of metabolic rates calculated during the exposure period (Table 
1). From this, it is concluded that short-term pyrene exposure has no 
measurable effect on metabolic rate in juvenile trout at these concentrations. 
Figure 3. Oxygen concentration changes in respirometer vessels housing 
rainbow trout during first three cycles of the pre-exposure period. One 
cycle consisted of 120 minutes and 40 data points. Circled data points 
were points recorded during the purging period and were excluded from 
the oxygen consumption rate calculation. 

Figure 4. Oxygen consumption rates of control juvenile rainbow trout in a 
vessel during the 48-h pre-exposure and 72-h pyrene exposure periods. 
White bars at the bottom of the figure indicate the light phases of the 
photoperiod. Gray bars indicate the dark phases of the photoperiod. n = 4. 

Figure 5. Daily mean oxygen consumption rates (mean f SE) of juvenile 
rainbow trout during the 48-h preexposure and 72-h pyrene exposure 
periods. Exposed pyrene concentrations were 0 mglL (a), 0.01 mglL (A), 
0.05 mglL (o), 0.1 mglL ( 0 )  (n = 12). 

Ta
bl
e 
1. 
Su
m
m
ar
y 
re
s
u
lts
 o
f r
e
s
tin
g 
ro
u
tin
e 
m
e
ta
bo
lic
 ra
te
s 
(R
RM
R)
, a
ct
iv
ity
-d
ep
en
de
nt
 m
e
ta
bo
lic
 ra
te
s 
(A
DM
R)
 
a
n
d 
ro
u
tin
e 
m
e
ta
bo
lic
 ra
te
s 
(R
MR
) d
et
er
m
in
ed
 in
 th
e 
s
ho
rt 
te
rm
 e
xp
er
im
en
t. 
Th
e 
bl
ue
 n
u
m
be
rs
 a
re
 th
e 
95
%
 C
.I. 
c
a
lc
ul
at
ed
 u
s
in
g 
s
tu
de
nt
's
 t-
te
st
 w
he
n 
m
e
ta
bo
lic
 ra
te
s 
o
f p
re
-e
xp
os
ur
e 
a
n
d 
e
xp
os
ur
e 
pe
rio
ds
 w
ith
in
 a
 tr
ea
tm
en
t 
w
e
re
 c
o
m
pa
re
d.
 T
he
 re
d 
n
u
m
be
rs
 a
re
 th
e 
95
%
 C
.I. 
o
f c
a
lc
ul
at
ed
 u
s
in
g 
AN
OV
A 
w
he
n 
th
e 
pr
e-
ex
po
su
re
 o
r 
e
x
po
su
re
 p
er
io
ds
 a
m
o
n
g 
a
ll 
tre
at
m
en
ts
 w
e
re
 c
o
m
pa
re
d.
 
(m
g/L
) 
Pr
e-
ex
po
su
re
 
I 
E
xp
os
ur
e 
I 
Pr
e-
ex
po
su
re
 
I 
E
xp
os
ur
e 
1 
Pr
e-
ex
po
su
re
 
I 
E
xp
os
ur
e 
0
 
0 
17
7.
82
 
1 2
7.
97
 
28
1.
08
 
20
0.
1 6
 
22
6.
99
 
16
7.
1 6
 
2
 
(1
 64
.2
7-
1 9
1.
37
) 
(1
 21
.9
9-
13
1.
27
) 
(25
5.7
3-3
06
.42
) 
(1
 18
.4
5-
21
 1.
87
) 
(20
5.9
8-2
48
.00
) 
(1 5
5.
01
 -1
79
.5
) 
(1
 66
.4
1 -
1 8
9.
23
) 
(1
 20
.4
4-
1 3
5.
50
) 
(26
0.2
7- 
30
1.
88
) 
(1 8
8.
45
-2
1 1
.8
7) 
(20
9.0
9-2
44
.89
) 
(1 5
6.
83
-1
 77
.4
8) 
P
yr
en
e 
c
o
n
c
e
n
tr
at
io
n 
R
R
M
R
 (m
g 0
2/
kg
/h
) .c
 9
5%
 C
.I.
 
AD
M
R 
( m
g 
O
dk
g/
h)
* 9
5%
 C
.I.
 
R
M
R
 ( m
g 
0d
kg
lh
)k
 95
%
 C
.I.
 
Table 2. Percent decreases in RRMR, ADMR, and RMR calculated from the 
differences between the mean preexposure and exposure metabolic rates 
in the short-term experiment. 
Pyrene RRMR ADMR RMR 
concentration 
Long-term experiment 
In this experiment, fish were exposed to two treatments, 0 and 0.1 mglL 
pyrene, for 15 days to determine the effects of long-term pyrene exposure on 
whole organism respiration. Fish were fed twice in the long term experiment in 
order to provide sufficient energy for survival. Oxygen consumption rates of 
rainbow trout increased during the two feeding and cleaning periods likely due to 
the costs of nutrient assimilation and the stress associated with external stimuli. 
Figure 6 shows an example of elevated oxygen consumption rate pattern in 
control fish during the feeding and cleaning periods. With the exception of the 
feeding and cleaning periods, oxygen concentration and consumption rate 
patterns in the long-term experiment were similar to those in the short-term 
experiment (Figure 3 and 4). The average daily oxygen consumption rates for 
the long-term experiment are shown in Figure 7. As in the short-term 
experiment, oxygen consumption rates were high at the beginning of pre- 
exposure period, declined and then levelled off as fish were acclimated to test 
conditions. A characteristic circadian rhythm was also observed in the long-term 
experiment. 
Figure 8 shows the mean values for RRMR, ADMR and RMR in the 0 
mglL and 0.1 mglL pyrene groups during the exposure period. Metabolic rates of 
fish in the two treatment groups were compared using Student's t-test. Neither 
ADMR nor RMR of the control and the pyrene-exposed fish were significantly 
different (p > 0.05). The RRMR in the control group was significantly lower than 
the RRMR in the 0.1 mglL group during the exposure period (p < 0.05). 
Therefore, there was small effect of pyrene exposure on RRMR, with an increase 
of 5 % in metabolic rate after 15 days of exposure. 
Figure 6. An example of oxygen consumption rates of control juvenile 
rainbow trout in a vessel during 24-h feeding and 24-h cleaning periods. 
White bars at the bottom of the figure indicates the light phase of the 
photoperiod. Gray bars indicates the dark phase of the photoperiod (n = 5). 
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Figure 7. Daily mean oxygen consumption rates of juvenile rainbow trout 
during the 48-h pre-exposure and the 15-d pyrene exposure periods. 
Values are means f SE for 4 fish. The treatments were 0 mglL ( 0 )  and 0.1 
mglL pyrene ( 0 ) .  F indicates a feeding day and C indicates a cleaning day 
(n=12). 

Figure 8. ADMR, RRMR and RMR of rainbow trout during a 15-d of control 
and 0.1 mg/L pyrene exposure. * indicates a significance difference from 
the 0 mglL at p I 0.05 (n=38-42). 
ADMR RRMR 
0 Control 
0.1 mglL 
RMR 
Metabolic rate categories 
Metabolite analysis for the short-term experiment 
In addition to examining metabolic rates, the metabolism of pyrene by 
rainbow trout was also examined in each treatment group in the short-term 
experiment. Bile in gall bladders was collected at the end of the experiment and 
then analyzed for 1-OH pyrene, the major metabolite of pyrene, using 
synchronous fluorometric spectroscopy (SFS). Figure 9 is an example of 
fluorescence intensity traces generated by SFS for several 1-OH pyrene 
concentrations. A major peak at approximately 345 nm and a small shoulder 
peak at approximately 360 nm occurred for all concentrations. Only the major 
peak was used to determine 1-OH pyrene concentration, although the small 
shoulder peak was also an emission peak attributed to 1-OH pyrene. This 
shoulder peak would be more pronounced if a conventional fluorescence 
emission spectrum was used instead of SFS; however, this would hamper an 
appropriate quantitative analysis of 1-OH pyrene concentration (Ariese et a/., 
1993). 
The standard curve generated for determining concentrations of 1-OH 
pyrene in bile using SFS is shown in Figure 10. The concentration of standards 
used ranged from 0.28 to 5.8 nglml 1-OH pyrene. The concentration of 1-OH 
pyrene and the generated baseline area exhibited a linear relationship. A 
mathematical equation that describes this linear relationship was used to 
determine biliary 1 -OH pyrene concentration from baseline areas. 
1-OH pyrene or its conjugate 1-OH pyrene glucuronide (1-OHPG) was 
found in all bile samples from fish exposed to pyrene. Control fish bile did not 
contain any pyrene metabolites. Bile extracted from fish in the 0.05 and 0.10 
mglL treatment group contained significantly more pyrene metabolite when 
compared to bile of control fish and fish in 0.01 mglL treatment ( ~ ~ 0 . 0 5 )  (Figure 
1 I ) ,  however, no statistical significant difference was found between the amount 
of 1-OH pyrene in the 0.05 and 0.10 mglL treatment groups (p>0.05). 
Figure 9. Typical SFS spectra for several 1 -OH pyrene concentrations. The 
net peak area between 335-356 emission wavelengths were used to 
determine the concentration of 1-OH pyrene present in the bile (from Bains, 
2004). 

Figure 10. Standard curve constructed from net peak area (335-356 nm 
excitation wavelengths) of standard solutions of free 1 -OH pyrene. 

Figure 11. Biliary 1 -OH pyrene extracted from the gall bladders of juvenile 
rainbow trout after exposure to 0, 0.01, 0.05, and 0.1 mg/L pyrene for 72 
hours. Treatments with similar letters were not significantly different from 
each other at p<0.05. Error bars represent means f SE (n=4-8). 
Pyrene exposure concentration (mglL) 
DISCUSSION 
Limited research on the costs of detoxification exists and has mainly been 
focused on plant specialization in insects and vertebrate foraging behaviour. 
Early studies attempted to estimate costs of detoxification by incorporating plant 
toxins into artificial diets and measuring the consequent changes in growth and 
food assimilation efficiency (Waldbauer, 1968; Schoonhoven and Meerman, 
1978; Scriber, 1978, Scriber, 1981). In these studies, the results were 
confounded by toxicological impact, such as inhibited feeding. More recent 
studies began to examine the energetic costs by quantifying the resource 
allocation to a particular detoxification system such as the cytochrome P-450 
system (Cresswell, 1992; Berenbaum and Zangerl, 1994; Cianfrogna et a/. 
2002). In these studies, the energetic costs were indirectly estimated as the 
energy allocated to detoxification from other components of energy budgets such 
as growth and reproduction. Potential toxicological effects on other components 
of energy budgets can confound with the measured energetic costs of 
detoxification. 
It has been suggested that the biosynthetic energy costs of producing and 
maintaining detoxification enzymes might attribute to significant component of the 
energy budget of an organism smaller than a rodent (Brattsen, 1979). A study by 
Bains (2004) was the first to quantify the direct costs of xenobiotic metabolism 
and excretion at the cellular level using respirometry. 
The objective of this study was to directly quantify the energetic costs of 
pyrene metabolism in juvenile rainbow trout by measuring oxygen consumption 
rates in fish exposed to this chemical. Several studies have reported the effects 
of xenobiotic exposure on oxygen consumption in fish (Dalela, et a/, 1980; 
Prasad, et a/., 1991; De Boeck, et a/, 1995; Kim, et a/., 1996; Beyers, et a/., 
1999). For example, Kim et a/. reported that oxygen consumption rates were 
significantly increased by exposing fish to various concentrations of 
pentachlorophenol (PCP). However, it was likely that increases in oxygen 
consumption rates were caused by both the costs of detoxification and the toxic 
effects of the PCP. The test chemicals used in that and other studies of this 
nature have known toxicological effects in fish, therefore, separating out the 
energy allocated to detoxification from toxic effects is difficult. 
The model chemical used in this study, pyrene, is relative non-toxic to 
fish at the concentrations used in this study (Kennedy and Law, 1990; Law et a/., 
1991; Nisbet and Lagoy, 1992; Namdari and Law, 1996). No observable toxic 
effects in fish were detected in this study. Therefore, the confounding effects of 
toxic injury and its associated costs are likely negligible. 
Energy used for metabolism is typically measured as oxygen consumption 
rates in fish biology (Adams and Breck, 1990). Oxygen uptake via respiration is 
important for the aerobic conversion of the energy assimilated from food to high 
energy chemical bonds. Hence, oxygen units can be converted to energy units 
with the oxycaloric average of 3.20 to 3.24 callmg O2 depending on the species, 
size, and body fat/ protein composition (Brafield and Solomon, 1972). 
In this study, oxygen consumption rate was measured using an automatic 
intermittent-flow through respirometer system. Metabolic rates were 
differentiated into resting routine metabolic rate (RRMR), routine metabolic rate 
(RMR), and activity dependent metabolic rate (ADMR) according to a procedure 
modified from Cheng (2003). RRMR was assumed to be the rate generated 
when fish were relatively inactive while ADMR was generated when fish were 
active. RMR was the average of oxygen consumption rates that included RRMR 
and ADMR. This method permits a more detailed examination and comparison 
of metabolic rates in fish during active or resting states based on the relationship 
between oxygen consumption rate and activity. 
Studies have shown that oxygen consumption rates increase with fish 
activity, and recording fish activity and oxygen consumption rate simultaneously 
can improve the accuracy of this differentiating metabolic rate method (Forstner 
and Wieser, 1990; Johansen and Geen, 1990). Forstner and Wieser (1990) 
studied the patterns of routine metabolic rate with a respirometer-activity- 
monitoring system, and found that activity was not always correlated with oxygen 
consumption rates at low temperature, however, the two variables were strongly 
correlated at higher temperature. They also distinguished between RRMR, RMR 
and "high cost" metabolic rates based on the level of activity at higher 
temperatures. The reported average standard metabolic rates, RMR and "high 
cost" metabolic rates for juvenile roach (Rutilus rutilus (L.) in that study were 182, 
230, 233 mglkglh at 15"C, respectively. In this study, the average RRMR, RMR 
and ADMR for the control juvenile rainbow trout in the short-term experiment 
were 148k42, 189k60, and 228k58 mglkglh at 13"C, respectively. The mean 
routine metabolic rate (RMR) values for the control juvenile rainbow trout were 
217 + 65 mg Onlkglh in the long-term experiments. These values are in 
accordance with studies conducted using similar sized salmonoids at similar 
water temperatures (Table 3). 
In this study, temperature was controlled using air conditioning system in 
the experimental room. Respirometer vessels were housed in water bath to 
decrease temperature variation during the test. Therefore, the range of 
temperature differences over the whole study was less than l.O•‹C in order to 
eliminate temperature effect on oxygen consumption rate. Several studies found 
that oxygen consumption rate was affected by temperature (Beamish, 1964; 
Beamish and Mookherjii, 1964; Caulton, 1978; Forsther and Wieser, 1990). 
Oxygen consumption rates can increase almost by two-fold over a 5•‹C of 
temperature difference in some species. The relationship between temperature 
and oxygen consumption rate may be due to more gill ventilation and higher 
activity levels at high temperatures. 
A number of investigations relating oxygen consumption to fish weight had 
found oxygen consumption rates increased with fish weight (Beamish, 1964; 
Beamish and Mookherjii, 1964; Caulton, 1978, Saint Paul, 1988; Mitz and 
Newman; 1989; Cech, 1990; Forstner and Wieser, 1990; Grottum and Sigholt, 
1998). The log-log plot of oxygen consumption rate (per fish) and body mass 
shows a linear relationship with a slope less than 1 .O. Oxygen consumption rate 
per unit weight is greater for smaller fish than for larger fish (Beamish, 1964; Mitz 
and Newman, 1989, Cech, 1990). Thus, it is not advisable to divide oxygen 
consumption rate data by unit mass to compare rates of different size fish. In this 
study, similar sizes of fish were used and distributed into each vessel in random 
order to avoid this potential confounding factor. 
A characteristic circadian rhythm in fish oxygen consumption rates was 
detected in all fish. Circadian rhythms in fish oxygen consumption rates are 
common features in respirometry studies conducted in fixed dark and light 
photoperiods (Duval et a/, 1981; Forstner and Wieser, 1990; Johansen and 
Geen, 1990; Chakraborty, 1992; Yang and Randall, 1997; Biswas, 2002). This 
rhythm reflects the normal daily activity pattern of fish, where fish are more active 
and oxygen consumption rates are higher during light photoperiods than during 
dark periods (Brett and Zala, 1975). The length of photoperiod also affects the 
pattern, range and mean oxygen consumption rates (Chakraborty et a/., 1992; 
Biswas et a/., 2002). If the alternation of dark and light photoperiods becomes 
more frequent within a single day, the mean oxygen consumption rates also 
increase (Chakraborty et a/., 1992; Biswas et a/., 2002). Circadian rhythm is 
most pronounced for 12L:12D and become less visible when either period 
increases or decreases. Chakraborty et a/. (1992) proposed that the effect of 
photoperiod on oxygen consumption rates is related to the endocrine system 
which controls various physiological activities. For example, manipulation of the 
dark and light photoperiods has a stimulating effect on production of growth 
hormone, thyroid activity, plasma cortisol patterns (Bjornsson, 1997; Reddy and 
Leatherland, 2003), and gill Na', K'-ATPase (McCormick et a/., 1995). 
This study was done under a 12 h light: 12 h dark photoperiod, and the 
oxygen consumption rates varied significantly between light and dark periods. 
The magnitude of variation within a day was approximately 100 mg 02/kg/h for 
rainbow trout in this study compared to 400 mg 02/kg/h for tilapia (Oreochromis 
niloticus) in the study conducted by Biswas et a/. (2002) and 35 mg 021kglh for 
carp (Cyprinus carpio) (Chakraborty et a/., 1992). Chakraborty et a/. (1 992) 
found that the range of mean difference in oxygen consumption rate over 24 hour 
period was approximately 10 mg 02/kg/h in a 24 h dark photoperiod compared to 
35 mg 02/kg/h in a 12 h light : I2 h dark photoperiod. The daily magnitude of 
variation can potentially mask the effects of study interest, therefore, a complete 
dark photoperiod should be considered for the future studies of this nature. 
In the short-term experiment, pre-exposure and exposure metabolic rates 
were significant different from each other for all treatment groups. However, no 
concentration-response relationship between pyrene and RRMR, ADMR, or RMR 
was detected during the exposure period (Table 3). Therefore, the energetic 
costs of pyrene detoxification could not be quantified using oxygen consumption 
rates in the short-term experiment. 
Data recorded in the first 6 hours of the experiment were excluded from 
calculations due to a substantial stress effect on oxygen consumption rates 
which persisted throughout the entire pre-exposure period. As a result, the daily 
mean oxygen consumption rates showed declines and leveling off (Figure 5). 
Control fish had the highest percentage metabolic rate reduction between pre- 
exposure and exposure periods while the 0.1 mg/L pyrene-exposed fish had the 
lowest (Table 2). One explanation for this observation is that the control fish 
recovered from the initial stress while the pyrene exposed fish could only recover 
partially but remained stressed because of pyrene exposure. 
Stress can contribute to considerable increases in oxygen consumption 
rates. In this study, oxygen consumption rates were high at the beginning of all 
experiments likely due to the initial acute handling stress. Acute andling stress 
resulted in high oxygen consumption rates in similar respirometry studies (Saint- 
Paul et a/., 1988; Johansen and Geen, 1990; Yang and Randall; 1997; 
Jayaweera, 2002; Cheng, 2003). The time required for oxygen consumption 
rates to stabilize ranged between 2 and 12 hours in these studies. When fish 
experience stress, catecholamine and cortisol are released into the circulation 
and initiate a series of physiological responses, including changes in plasma 
glucose and lactate concentrations to help fish cope with stress by providing 
energy (Vijayan and Moon, 1992, 1994; Krumschnabel and Lackner, 1993). 
These hormonal responses lead to the alteration of glycogen and glucose 
metabolism as secondary stress responses (Vijayan et a/, 1991). 
Catecholamines play an important role in elevating oxygen consumption rates in 
stressed fish. These compounds bind to P-adrenoreceptors and amplify oxygen 
uptake and its rate of delivery (Randal and Perry, 1992). Catecholamines also 
increase the surface area available for gas exchange in the gill vasculature 
through the vasodilation of gill lamellae and the permeability of the gill epithelium 
to oxygen. Moreover, catecholamines can mediate increases in heart rate and 
blood pressure and result in increased oxygen delivery to tissues (Mazeaud and 
Mazeaud, 1981). In order to exclude the effect of the stress response on oxygen 
consumption rates, the data recorded during the first 6 hours of the present 
experiments were excluded from data analysis. 
Fish bile was collected from gall bladders for metabolite analysis at the 
end of the short-term experiment. Namdari (1998) showed that pyrene was 
extensively metabolized by starry flounder (Platichthys stellatus), and that 
approximately 40% of administered pyrene was excreted as metabolites in bile 
120 h following intra-arterial dose of 10 mglkg. Kennedy (1990) reported that 
53% of intra-arterially administrated pyrene was excreted as metabolites in the 
bile of rainbow trout. The major pyrene metabolites were 1-OH pyrene and its 
glucuronide conjugates (Krhan et a/., 1987; Kennedy and Law, 1990; Law et al., 
1991; Law et al., 1994; Namdari, 1998). Many aquatic organisms metabolize 
organic xenobiotics, such as pyrene, by the mixed-function oxidase (MFO) 
system via phase I biotransformation reactions. MFO, a multi-enzyme complex, 
metabolizes pyrene through oxidation reactions into metabolites such as 1-OH 
pyrene. Subsequently, 1-OH pyrene is metabolized by conjugation reactions to 
form highly water soluble metabolites through phase II biotransformation 
reactions. The majority of biliary 1-OH pyrene existed as glucuronide 
conjugates and was seldom detected in the non-conjugated form (Law et al., 
1994; Namdari, 1998). Therefore, biliary 1 -OH pyrene glucuronide ( I  -0HPG) 
and 1-OH pyrene concentrations were deemed to be good estimators of pyrene 
metabolism. 
In this project, the amount of biliary 1-OH pyrene was analyzed using 
synchronous fluorescence spectrometry (SFS) because SFS provides rapid and 
reliable quantitative results using small sample sizes. When analyzing bile, the 
SFS peaks for 1-OH pyrene and 1-OHPG overlap. However, no commercial 1- 
OHPG is available to prepare solutions for standard curves. Instead, a series of 
1-OH pyrene solutions were used for a standard curve. A concentration 
correction factor of 2.2 suggested by Ariese et a/. (1993) was applied to calculate 
the concentration of 1-OH pyrene from the areas underneath the fluorescence 
intensity traces generated by 1-OHPG. The control, 0.01 mg/L and 0.05 mg/L 
pyrene groups of fish had significantly different amounts of biliary 1-OHPG after 
72 hours of pyrene exposure. A concentration-response relationship existed 
between the amount of biliary 1-OH pyrene and the exposed pyrene 
concentration below 0.05 mg/L. Biliary 1-OH pyrene in the 0.05 and 0.1 mg/L 
treatment groups were not significantly different. Moreover, the magnitude of 
variation in biliary 1-OH pyrene excretion was greater in the 0.05 mg/L and 0.10 
mg/L treatment groups compared to the 0.01 mg/L treatment group and the 
control. Both Namdari (1998) and Giessing et a/. (2003) also found the 
magnitude of biliary 1-OH pyrene variation increased with exposure length and 
exposed pyrene concentration. 
In the long-term experiment, fish were exposed to 0 and 0.1 mg/L pyrene 
for 15 days with feeding on days 5 and 11. Although fish were starved 24-hr 
before test initiation to ensure a post-prandial state, fish were fed twice during 
long term experiment. During preliminary experiments, fish became unhealthy 
after being starved for one week. The mortality of control fish ranged from 10% 
to 20% in a 17-day trial experiment without feeding which is an unacceptable 
mortality rate for toxicological testing. Moreover, energy metabolism enzymes 
are sensitive to nutritional stress and can decrease during starvation (Heath, 
1995), and can result in decreased oxygen consumption rates (Biswas and 
Takeuchi, 2002). Therefore, feeding was performed twice during the long-term 
experiments. Oxygen consumption rates increased significantly on both the 
feeding and cleaning days. The elevated oxygen consumption rates during 
feeding and cleaning periods were associated with the extra energy used for 
digestion (Biswas and Takeuchi, 2002) and the stress associated with cleaning. 
The post-prandial increase in metabolic rate results from the energy 
requirements for the digestion, absorption and storage of nutrients, for the 
deamination of amino acids and for the synthesis of excretory products (Jobling, 
1993). Therefore, these elevated oxygen consumption rates were excluded from 
calculation. 
A paired comparison of ADMR and RMR between the two pyrene 
treatment groups did not show any significant difference, however, a significant 
difference was found in RRMR between the control and the pyrene exposed 
groups ( ~ ~ 0 . 0 5 ) .  This marginal increase in RRMR of the pyrene exposed group 
implied that the energetic costs of detoxification were evident, however small. 
The energetic costs were not likely to be detected in ADMR and RMR measures, 
because ADMR and RMR were metabolic rates determined when fish were 
active, whereas RRMR was the metabolic rate calculated with little or no activity. 
Both ADMR and RMR values had greater variation associated with them 
compared to RRMR (Figure 8). Therefore, fish activity may have masked the 
energetic costs of detoxification in ADMR and RMR values because the energy 
used in detoxification was not a large component of the bioenergetic budget 
compared to other more variable activities. 
Conclusion 
From the results of this study, it appears that there may be a minimal cost 
associated with the detoxification of pyrene as shown by the small, but 
significant, increase in RRMR in the 15-d exposed fish. While oxygen 
consumption rate can be accurate measures of metabolism for the purpose of 
bioenergetic studies, its sensitivity in detecting small energetic costs may be 
marginal. Various factors discussed previously (e.g. stress, feeding, circadian 
rhythms, and activity) likely contributed to the wide range of oxygen consumption 
rates seen in this study and can potentially mask smaller effects of interest. 
Energy allocation from other components of the energy budget may also 
potentially minimize the ability in detection by respirometry methods. Future 
studies should consider using relatively inactive species that can survive long- 
term without feeding in order to minimize the confounding effects contributed by 
activity, feeding and associated stress. Future studies may also consider using 
species that live in dark natural habitats so experiments can be conducted in 
complete darkness to minimize the effects of circadian rhythms. The weight of 
test animals should be examined at both test initiation and termination to 
determine if energy was allocated from growth to detoxification or other 
processes during exposure. The main goal of these considerations is to 
measure the standard metabolic rate, the rate of energy use by a fasting fish at 
rest, so that the small energetic costs associated with detoxification will be more 
evident and more easily quantified. 
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